Ketolides are the latest derivatives developed from the macrolide erythromycin to improve antimicrobial activity. All macrolides and ketolides bind to the 50S ribosomal subunit, where they come into contact with adenosine 2058 (A2058) within domain V of the 23S rRNA and block protein synthesis. An additional interaction at nucleotide A752 in the rRNA domain II is made via the synthetic carbamate-alkyl-aryl substituent in the ketolides HMR3647 (telithromycin) and HMR3004, and this interaction contributes to their improved activities. Only a few macrolides, including tylosin, come into contact with domain II of the rRNA and do so via interactions with nucleotides G748 and A752. We have disrupted these macrolide-ketolide interaction sites in the rRNA to assess their relative importance for binding. Base substitutions at A752 were shown to confer low levels of resistance to telithromycin but not to HMR3004, while deletion of A752 confers low levels of resistance to both ketolides. Mutations at position 748 confer no resistance. Substitution of guanine at A2058 gives rise to the MLS B (macrolide, lincosamide, and streptogramin B) phenotype, which confers resistance to all the drugs. However, resistance to ketolides was abolished when the mutation at position 2058 was combined with a mutation in domain II of the same rRNA. In contrast, the same dual mutations in rRNAs conferred enhanced resistance to tylosin. Our results show that the domain II interactions of telithromycin and HMR3004 differ from each other and from those of tylosin. The data provide no indication that mutations within domain II, either alone or in combination with an A2058 mutation, can confer significant levels of telithromycin resistance.
Many groups of clinically useful antibiotics inhibit pathogen growth by preventing the synthesis of new proteins on the bacterial ribosome (13, 48) . Generally, inhibition occurs when a functionally important site on the ribosome is blocked by the binding of a single antibiotic molecule. One such site is dedicated to peptide bond formation (the peptidyltransferase center) and is situated at the mouth of the peptide exit tunnel on the 50S ribosomal subunit (32) . This region is adjacent to the binding site for macrolide, lincosamide, and streptogramin B (MLS B ) antibiotics (19, 41) . Thus, the primary inhibitory effect of lincosamides and streptogramin B drugs is to block the formation of peptide bonds, and this reaction is also inhibited to various degrees by the 16-membered-lactone-ring macrolides. However, the main inhibitory effect of macrolides is to block the passage of the newly synthesized peptide chain though the exit tunnel; and in the case of the smaller 14-membered-ring macrolides, whose structures do not reach into the peptidyltransferase center, this is probably their sole mode of action on the assembled ribosome (37, 47) .
To exert an effective blockade against the growing peptide chain, it is essential that macrolide antibiotics attach securely to their binding sites within the tunnel. The primary attachment site of all macrolide antibiotics is at adenosine 2058 (A2058) of 23S rRNA (19, 41) . Close by are several other accessible rRNA nucleotides that are also used as contact sites if they fall within the reach of a drug's chemical substituents (3, 19, 41) . In the study described in this article, we investigated how the macrolide tylosin and the ketolide derivatives of the macrolide erythromycin come into contact with nucleotides in domain II of 23S rRNA.
Erythromycin is a naturally occurring 14-membered-ring macrolide that has been derivatized in numerous ways to improve its pharmaceutical properties (5) . The latest derivatives, the ketolides, are equipped with 3-keto and 6-methoxy groups that improve acid stability, and in the case of HMR3647 (telithromycin) and HMR3004 ( Fig. 1) , an alkyl-aryl chain extends from a carbamate at lactone ring positions C-11 and C-12 (4). The C-11 and C-12 extension interacts with nucleotide A752 within domain II of 23S rRNA, and derivatives of telithromycin and HMR3004 lacking the C-11 and C-12 extension have ribosome binding affinities that are reduced more than 1,000-fold (20, 53) . Erythromycin does not make direct contact with nucleotide A752, as this compound is too small to span the distance (approximately 15 Å) from its primary contact site at A2058 (Fig. 2) , on the opposite face of the exit tunnel (41) . The interaction between MLS B antibiotics and this region of the rRNA domain II is not unprecedented, however, and contact between the streptogramin B drug vernamycin and nucleotide A752 has previously been documented (31); furthermore, binding of the 16-membered-ring macrolide tylosin ( Fig. 1) involves interaction with the neighboring nucleotide, G748 (19, 30) .
Resistance to MLS B antibiotics is most commonly caused by alterations within the ribosome binding site that perturb the drug-rRNA interaction. The best-documented examples of this mechanism involve nucleotide A2058, where base methylation (44, 51) or mutation (49) confers resistance to MLS B antibiotics. Similarly, methylation of the tylosin contact site at G748 confers specific resistance to a subgroup of macrolides that are structurally related to tylosin (30) . Telithromycin is the first ketolide to be approved for clinical use, and it has been demonstrated to be an effective antimicrobial agent (11, (24) (25) (26) (27) . It is yet too soon to evaluate fully the extent to which resistance to telithromycin might develop in clinical isolates and whether this will involve mutation in domain II of the rRNA. However, given the many cases of rRNA mutations that confer macrolide resistance (14, 46, 49) , plus a recent report of telithromycin resistance in a laboratory isolate of Streptococcus pneumoniae from which nucleotide A752 had been deleted (7), we believed that it was important to evaluate the potential for resistance mechanisms of this type.
We have introduced mutations at nucleotides G748 and A752 within domain II of 23S rRNA to disrupt key contact sites for the ketolides telithromycin and HMR3004 and for the macrolide tylosin. The main interaction site of the drugs at A2058 was also mutagenized and combined with the domain II mutations. The effects of the single and dual rRNA mutations on the potencies of the antimicrobials enabled us to assess the likelihood that these types of resistance mechanisms will occur in clinical strains.
MATERIALS AND METHODS
Escherichia coli strains, plasmids, and growth conditions. The strains and plasmids used in this study are listed in Table 1 . E. coli strain DH1 (40) was used for the initial isolation of plasmids containing mutant rRNA alleles. Two strains,
AS19rlmA
I and TA531, were used to evaluate the phenotypes conferred by the mutant rRNAs. Strain AS19rlmA
I is a derivative of AS19 that has lost its ability to methylate 23S rRNA nucleotide G745; both AS19 and AS19rlmA
I are sensitive to macrolide drugs, probably due to a defective tolC gene. In strain TA531, none of the seven chromosomally encoded rRNA (rrn) operons are functional, and the strain is dependent on a plasmid, pHK-rrnC ϩ , for rRNA production. Plasmid pHK-rrnC ϩ is equipped with a kanamycin resistance gene; plasmids pUC19, pNK, and pFK5 have a ␤-lactamase gene and were maintained with ampicillin (at 100 g/ml, unless stated otherwise) in the growth medium. The E. coli strains were grown at 37°C in Luria broth or on agar plates with the same nutrients (40) . For determination of the growth rates of the TA531 strains, 1,000-fold dilutions of overnight cultures were grown in Luria broth with and without ampicillin, and cell density was measured be determination of the optical density at 600 nm every 30 min to calculate the cell doubling times.
Site-directed mutagenesis. Nucleotides 748 and 752 in the plasmid-encoded 23S rRNA gene were mutagenized by PCR with two sets of oligonucleotides (22, 23) . Briefly, complementary oligonucleotides with the desired mutations were designed (Table 1) , and each was used in separate PCRs with a primer overlapping the SacI or the SphI site within domain II of the E. coli rrnB 23S rRNA gene. The products from the first two reactions were mixed in a second PCR mixture to generate a 900-bp SacI-SphI fragment with the desired mutation. Each SacISphI fragment was cloned into plasmid pUC19, and its structure was checked by sequencing before it was inserted in its original context into the 23S rRNA genes of plasmids pNK and pFK5. Plasmid pNK contains a wild-type rrnB operon, and plasmid pFK5 is essentially the same as pNK but has a A-to-G substitution at 23S rRNA position 2058 (Table 1) . Mutant plasmids were used to transform E. coli strain DH1, and the plasmid structures were verified by restriction digestion and sequencing (CEQ 2000; Beckman) before they were used to transform the other E. coli strains.
Expression of mutant 23S rRNAs. The pNK and pFK5 plasmid derivatives were moved into E. coli strains AS19rlmA
I and TA531. In TA531, displacement of the resident plasmid pHK-rrnC ϩ is required to obtain homozygous strains with a mutated rrnB operon. After transformation of TA531 with pNK or pFK5 derivatives, the cells were grown for at least 20 generations in Luria broth medium containing ampicillin, before they were diluted 10 5 -fold and plated onto agar with ampicillin. Individual colonies were screened for the loss of kanamycin resistance, indicating replacement of the original pHK-rrnC ϩ plasmid by pNK or pFK5. The structures of the pNK and pFK5 derivatives were verified as described above for each strain.
MIC measurements. Overnight cultures of AS19rlmA I and TA531 cells containing pNK and pFK5 derivatives were diluted 10 5 -fold and were plated onto agar containing 25 g of ampicillin per ml, the macrolide antibiotics erythromycin and tylosin (Sigma), and the ketolides telithromycin (HMR3647) and HMR3004 (Aventis Pharma). For TA531 cells, the macrolide and ketolide concentrations were increased in 1-g/ml steps up to 5 g/ml, 5-g/ml steps up to 50 g/ml, and 50-g/ml steps at higher concentrations; for AS19rlmA I cells, the drug concentrations started at 0.25 g/ml and were increased in twofold steps to 1,024 g/ml. The agar plates were incubated at 37°C, and after 20 h the MICs were scored as the lowest concentration at which no growth was observed.
Ribosome purification and rRNA sequencing. Ribosomes were prepared from strain TA531 by sonication and centrifugation, and rRNA was extracted as described previously (9) . The relevant regions in domains II and V of the 23S rRNAs were sequenced by primer extension with reverse transcriptase (45) .
RESULTS
Choice of E. coli strains. The ribosomes from E. coli are those that have been the best studied by biochemical and genetics means, and this remains the only bacterium in which rRNA nucleotide modifications have been comprehensively mapped. There are, however, three obstacles inherent in using E. coli to study the effects of rRNA mutations on drug resistance. First, the bacterium has a gram-negative wall and outer membrane that act as a barrier to most MLS B drugs. This problem was overcome by using permeant E. coli strain AS19 (Table 1) , which can absorb a range of MLS B drugs (28) . Second, E. coli 23S rRNA is methylated at nucleotide G745 (17) , which is situated at the MLS B drug binding site, where it forms a noncanonical base pair with A752 (2, 21) . This meth- on September 7, 2017 by guest http://aac.asm.org/ ylation is absent in gram-positive bacteria (29) , and as it was uncertain whether it would affect the binding of MLS B drugs (especially in combination with rRNA mutations), we inactivated the gene encoding the G745-specific methyltransferase, rlmA I , on the AS19 chromosome ( Table 1 ). The third drawback with E. coli is that, for technical reasons, mutagenized 23S rRNA genes are expressed from a plasmidencoded rRNA (rrn) operon. E. coli has seven chromosomeencoded (wild-type) rrn operons, and thus, strains with mutant rrn plasmids come to possess a heterologous population of ribosomes (43) . For the 2058G mutation expressed from the type of plasmid used here, about 55% of ribosomes contain the mutant 23S rRNA (9), leaving a residual 45% of wild-type ribosomes that can cloud the evaluation of mutant rRNA phenotypes. This concern has been removed by inactivating all the chromosomal rrn operons in strain TA531 and ensuring that rRNA is produced only from the plasmid-encoded rrn operon (1).
These changes in the E. coli strains do have their biological costs in terms of cell growth rates, and the virtues of strains AS19rlmA I and TA531 have not yet been combined into a single strain. Thus, we have studied separate aspects of macrolide and ketolide binding using strains AS19rlmA I and TA531.
Nucleotides mutagenized within domain II of 23S rRNA. Two nucleotides, G748 and A752, in domain II of 23S rRNA have been associated with the interaction with macrolides and ketolides and were thus obvious candidates for mutagenesis. The three possible single-base substitutions were made at each position, in addition to deletion of G748 and A752 and insertion of an extra adenosine next to A752.
Mutations at the main macrolide and ketolide contact site, A2058, have already been well studied (43, 49, 50) . However, the studies with the mutation at position 2058 have often been done with heterogeneous ribosome populations, and to our knowledge, no studies have ever been done with this mutation in combination with domain II mutations. In the present study, rRNAs with single-site mutations were expressed first in TA531 to observe the phenotypes of the mutants with homogeneous mutations in the ribosomes (Table 2) . Next, the mutated rRNAs were expressed in AS19rlmA I cells, enabling us to investigate less permeant drugs such as tylosin, as well as the (Table 2) were all kanamycin sensitive, indicating that these cells had been cured of the pHK-rrnC ϩ plasmid with the wild-type rrnC operon. Furthermore, direct sequencing of the rRNA verified that the ribosome populations in these cells were homogeneous and contained only mutant 23S rRNA encoded by the pNK-and pFK5-encoded rrnB operon. Expression of all the rRNAs with mutations at single sites in TA531 made it possible to assess resistant phenotypes and whether the mutations carry a biological cost, indicated by slower growth rates.
With the exception of the nucleotide 752 deletion, which slowed the growth rate by approximately 5% (Table 2) , none of the single-site mutations in domain II or the A2058G substitution detectibly altered the rate of cell growth. Each of the single substitutions at A752, as well as deletion of this nucleotide, conferred mild resistance to telithromycin. Of these mutations, the A752 deletion conferred the most obvious telithro- In terms, the highly permeable phenotypes of this strain and strain AS19rlmA I are probably caused by a defective efflux mechanism due to a tolC mutation. b The positions underlined in bold correspond to nucleotides 748 and 752, respectively, where base substitutions or nucleotide deletions were introduced into the rrnB 23S rRNA gene. A single change was made in each of the 5Ј mutagenesis primers and was used with the complementary change in the 3Ј mutagenesis primer. The bases A, C, G, and U indicate the substitutions made at the given nucleotide positions in 23S rRNA. A-ins, an adenosine was inserted at this position; ⌬, the nucleotide was deleted. Substitutions of A, C, and U were also introduced at position 745, and none of these changes affected growth in the presence of the drugs tested here (data not shown).
b Strain TA531 has no active chromosomal copies of rrn, and all rRNAs are derived from plasmids expressing rrnB. Strains are thus homozygous for the 23S rRNA mutations shown. We were unsuccessful in attempts to create strains that were homozygous for 23S rRNA containing a domain II mutation (at position 748 or 752) combined with the 2058G domain V mutation (see text).
c Growth rates were initially estimated by comparison of colony sizes on agar plates (a minimum of five platings). Mutants that grew at rates different from those for the wild-type cells were cultured in liquid broth in the absence of MLS B antibiotics to estimate their doubling times. The doubling times shown here are the means Ϯ standard deviations from three or more growth experiments (with ampicillin in the broth). The doubling time of strain DH1 was 40 Ϯ 1.2 min when it was grown under the same conditions as strain TA531; no significant difference in growth was seen for DH1 cells expressing the various mutations.
d MICs were generally 30 to 50% lower than the values shown here when these mutations were heterozygously expressed in E. coli strain DH1; significant exceptions are the ketolide MICs for the mutant with the 2058G mutation, for which the erythromycin, telithromycin, and HMR3004 MICs were 200, 15, and 10 g/ml, respectively (9) .
e Values here are for the 2058G mutation expressed from rrnB in plasmid pFK5. TA531 cells containing an independently constructed rrnB plasmid with 2058G (50) were found to have growth rates that were indistinguishable from those of cells with wild-type or pFK5 plasmids (data not shown).
mycin-resistant phenotype and was the only domain II mutation to give HMR3004 resistance. None of the changes at position 752 conferred resistance to erythromycin; and no resistance to erythromycin, telithromycin, or HMR3004 resulted from the changes at nucleotide 745 or 748. Predictably, the 2058G substitution conferred high levels of resistance to all three drugs (Table 2) .
Plasmids were constructed in which each of the mutations at position 752 (and 748U) was combined with 2058G. None of the plasmids with the dual mutations was capable of displacing resident plasmid pHK-rrnC ϩ from TA531 cells. The use of a modified version of this cell-plasmid system (34) showed that forcing the loss of a plasmid-encoding wild-type rrn with any of the pFK5 derivatives with double mutations was lethal to the cell (data not shown). Thus, cells harboring the dual mutations are viable only in the heterozygous state with functional wildtype rrn operons.
Mutant rRNA expression in AS19rlmA I cells. Markedly lower drug concentrations were required to inhibit the permeable strain AS19rlmA I (Table 3 ) compared to those required to inhibit the TA531 strain; in particular, study of the macrolide tylosin was made possible by using the permeable strain (the MIC of tylosin is Ͼ500 g/ml for TA531). In AS19rlmA I , the rRNAs with single-site mutations are expressed together with the chromosome-encoded wild-type rRNAs, and this mixture confers ketolide resistance phenotypes that are diluted and less evident than those of TA531 cells. No detectable change in the growth rate of AS19rlmA I was caused by any of the rRNA mutations (data not shown).
AS19rlmA I cells expressing the rRNA with the 2058G mutation exhibited exceptionally strong resistance to erythromycin and distinct but lower levels of resistance to the ketolides telithromycin and HMR3004. This is consistent with previous observations with strain DH1, in which a heterologous population of ribosomes with 2058G conferred high levels of erythromycin resistance and significantly lower levels of ketolide resistance ( Table 2 , footnote d). The disproportionately low level of ketolide resistance in 2058G heterozygotes could be linked to the bactericidal mode of action of telithromycin (35, 36) against cells with sensitive (wild-type) ribosomes. The 2058G mutation causes a modest increase in the tylosin MIC.
Combination of the substitutions at position 752 with 2058G partially (for erythromycin) or completely (for ketolides) neutralized the resistance phenotype conferred by 2058G (Table  3 ). The rRNAs with dual mutations were expressed to the same extent as the rRNAs with single mutations, they were assembled into ribosomes (established by direct sequencing of the rRNA), and they caused no detectible change in the rate of growth of AS19rlmA I cells. Thus, despite the loss of erythromycin and ketolide resistance, the rRNAs with dual mutations do appear to be functional, as they are present in translating ribosomes. Moreover, several combinations of these mutations confer improved resistance to tylosin.
DISCUSSION
We have assessed the importance of key nucleotides in domain II of 23S rRNA for macrolide and ketolide binding. Base substitutions at nucleotide 752 confer modest resistance to telithromycin when cells contain a homogeneous population of mutant ribosomes (Table 2) . Thus, the antimicrobial activity of telithromycin is most effective when there is an adenine at position 752. This indicates that telithromycin interacts specifically with A752, possibly via hydrogen bonds between one of the heterocyclic rings on the C-11 to C-12 extension (Fig. 1 ) and chemical groups of the adenine. However, substitutions at A752 confer no resistance to the ketolide HMR3004, even though both HMR3004 and telithromycin protect the base at A752 against chemical modification (20, 53) . These observations suggest that HMR3004 interacts with nucleotide 752 in a less discriminatory manner than telithromycin, possibly by stacking of the aryl group of the HMR3004 C-11 to C-12 extension onto the base at position 752. Deletion of nucleotide 752 would disrupt both types of interactions, and accordingly, this mutation confers resistance to both ketolides ( Table 2) . None of the changes at nucleotide 752 confer erythromycin resistance, which fits with the lack of direct contact between erythromycin and this nucleotide (41) . Similarly, the MIC data show no evidence of an interaction between HMR3004, telithromycin, or erythromycin and the neighboring nucleotide, G748 (Table 2) ; and this nucleotide is outside the range of drug interaction in the crystal structures (3, 41) .
The highest levels of resistance in these studies was conferred by the A-to-G substitution at nucleotide 2058. The 2Ј-hydroxyl of the desosamine sugar on erythromycin, telithromycin, and, presumably, HMR3004 makes a hydrogen bond to the N-6 position of A2058 (3, 41) ; and disruption of this interaction by mutation (49) or methylation of A2058 (51) confers the well-documented MLS B resistance phenotype.
Gram-negative bacteria are generally impermeable to tylosin, and the membrane defects in strain AS19rlmA
I made it possible to study the effects of this macrolide. Tylosin is one of the few naturally occurring macrolides to contact domain II of the 23S rRNA (38) , interacting via its mycinose sugar with nucleotide G748 (19, 30) . While the single-site domain II mu- (Table 3) have no appreciable effect on tylosin binding and the 2058G mutation confers only mild resistance, tylosin resistance is significantly enhanced by the combination of these mutations. The 752U-2058G combination gave the clearest tylosin-resistant phenotype, and this is consistent with the proximity of these two nucleotides to tylosin shown in the crystal structure and by chemical protection data (19, 38) . The 748U-2058G combination conferred slightly higher levels of resistance than either mutation on its own, although there was no evidence of the synergistic effect that was seen with methylation of the bases at these two positions (30) . The level of erythromycin resistance conferred by 2058G was markedly reduced when the 2058G mutation was combined with any of the domain II mutations, and the ketolideresistant phenotypes were abolished ( Table 3 ). The rRNAs with the dual mutations are clearly functional because, in addition to the improved resistance to tylosin that they confer, these rRNAs were shown to be present in translationally active ribosomes. However, the lack of success at creating strains with a homogeneous population of ribosomes with the dual mutations suggests that the rRNAs are in some way defective and require the presence of wild-type ribosomes to sustain their growth. Although we do not understand this phenomenon, it is not without precedent, as examples of rRNA mutations that are phenotypically silent on their own but that become deleterious in combination have been documented (39) .
The function of the rRNAs has remained highly preserved in different organisms throughout evolution (15) , and this is reflected in the almost perfect conservation of the rRNA secondary structure (6, 18) tertiary and quaternary structures (2, 21, 55) . Consequently, observations made for the rRNA of one species of bacterium can invariably be extrapolated to other species. The results reported here show that single-site mutations in domain II of E. coli 23S rRNA confer only minor levels of ketolide resistance and that the combination of these mutations with the 2058G mutation abolishes the ketolide-resistant phenotype conferred by 2058G. From the present set of data, there is no indication that mutations in domain II of 23S rRNA will come to pose a clinical problem by conferring telithromycin resistance to bacterial pathogens. However, as bacteria display tremendous resourcefulness in their ability to alter the rRNA conformation and attain macrolide resistance (10, 12, 16) , it would be prudent to monitor pathogens continually for the emergence of new resistance mechanisms.
